Previous work showed that the indole alkaloid gramine accumulates in the upper leaves (e.g. the fifth) of barley as a response to high growth temperatures. The biosynthesis of gramine proceeds from tryptophan to 3-aminomethylindole (AMI); sequential N-methylations of AMI then yield N-methyl-3-aminomethylindole (MAMI) and gramine.
the rate of synthesis.
Some barley cultivars are gramine free (1 1, 12) . In the case of cv Proctor, the synthesis pathway is known to be blocked prior to AMI, because Proctor leaf tissue contains no AMI but can methylate supplied AMI and MAMI as actively as cultivars which contain gramine (1 1 Accumulation of gramine in barley is subject to both developmental and environmental control (1 1, 12) . Developmental control is evident from a short phase of constitutive accumulation of gramine in young plants, particularly in the first leaf (I 1, 22) . In plants grown at or below optimal temperatures, each successive leaf contains less gramine so that alkaloid levels are negligible in the fifth to tenth leaves (8, 11, 22) . Gramine accumulation in these upper leaves can be elicited by growth at supraoptimal temperatures (1 1, 12) . Only those leaves which actually emerge during the exposure to high temperature accumulate the alkaloid; previously expanded leaves do not (1 1) .
Here, we establish by in vivo and in vitro assay methods that a large increase in activity ofa specific NMT enzyme accompanies the induction of gramine accumulation by heat-stress. Using antibodies directed against purified NMT protein, we also demonstrate that high temperature induction of NMT activity is paralleled by an increase in NMT protein level.
MATERIALS AND METHODS
Plant Material and Growth Conditions. Sources for the spring barley cultivars Proctor (CI 11806) and Arimar (CI 13626) were as given previously (12) . Plants were grown in pots of soil mix (12) and irrigated with half-strength Hoagland solution. Standard growth chamber conditions were: d, 16 h, 200 ;tmol photon m 2 s-' photosynthetic photon flux density, vapor pressure deficit 10 mbar; night, 8 h. For growth temperature experiments on the fifth leaf, plants were grown for the first 10 d at 15°C/10°C or 21C/16C (day/night) and thinned to two or three per pot. Some pots were then transferred to higher temperature regimes (30°C/ 25°C, 33°C/28°C, 35°C/30C) and the experiment was continued until the fifth leaf was at the half-emerged stage, at which time it was harvested. The time between transfer and harvest varied according to temperature and cultivar. To obtain etiolated first leaves for enzyme characterization and purification, seedlings of cv Proctor were grown at 25°C for 6 (11) .
Gramine (Sigma) was recrystallized from acetone. Tryptamine HCI (NBC) and tyramine (Sigma) were recrystallized from 96% ethanol and checked for purity by paper chromatography in the 'Isobuf'f system (1 1). AMI was synthesized according to Putochin (19) and Schallenberg and Meyer (20) . MAMI H3BO3/l M Na2CO3 buffer (pH 10). Alkaloids were extracted into 2 ml of CHC13, 1 ml of which was taken for scintillation counting. The remaining 1 20 mm Tris/HCI, 0.9% NaCl, 0.01% NaN3 (pH 7.4) (BSA-Trissaline) to block unreacted protein binding sites. Blots were then incubated for 1 h at 37C or overnight at 4°C in 1% BSA-Trissaline to which either 1:100 preimmune serum or 1:5000 antiserum had been added. Free antibody was then removed with four to five washes in 0.1% BSA-Tris-saline plus 0.5% Triton X-100 over a period of 1 h. Alkaline phosphatase conjugated to protein-A (Sigma) diluted 1:3000 in a solution of 0.1% BSATris-saline plus 0.5% Triton X-100 was then added for 1 h. Blots were then washed thoroughly, first for 40 min in four to five changes of 100 mM Tris/HCl, 100 mm NaCl, 2 mM MgC2, 0.25% Triton X-100 (pH 7.5) and then similarly in 100 mm Tris/HCl, 100 mm NaCl, 5 mM MgCl2 (pH 9.5). For detection of antigen bands, nitrobluetetrazolium (0.34 mg ml-') and 5-bromo-4-chloro-3-indolylphosphate (0.17 mg ml-') were dissolved in 10 to 15 ml of the pH 9.5 wash buffer. The nitrocellulose blots were placed in this development solution for 15 min in the dark at which time the reaction was stopped with 10 mm Tris/HCl, 1 mm EDTA (pH 7.5). Developed blots were stored dry or in 20 mm Tris/HCl, 5 mm EDTA (pH 9.5).
RESULTS
The fifth leaf was used to investigate effects of heat stress on NMT activity because this leaf contained 10-fold more gramine when it developed at 30°C/25°C than when it developed at 21 C/ 16°C (1).
Effect of Growth Temperature on in Vivo NMT Activity. Segments ofArimar fifth leaves grown at 30°C/25°C incorporated three to ten times more ['4C]formate label into indole alkaloids than did similar segments from leaves grown at 21C/16°C (Table  I) . Similar results were obtained with the gramine-free cultivar Proctor, provided that the precursors AMI or MAMI were supplied (Table I) . Because the '4C-incorporation was measured at 2°C/16°C in all cases, these results imply that growth at supraoptimal temperatures increased the level of NMT activity present in leaf tissue. To test the validity of this inference, we developed a method for assaying NMT activity in vitro.
Charcterization of in Vitro NMT Activity. First leaves, which synthesize gramine constitutively, were used as a convenient source ofNMT activity for defining assay and storage conditions. Under the standard assay conditions, '4C-methylation of both AMI and MAMI substrates was linear for 40 min (Fig. 1) . A 30-min incubation was therefore routinely used. Analysis of the labeled aLkaloid products showed that when AMI was the methyl acceptor, 90% of the 14C was present in MAMI, with the rest in gramine. When MAMI was the methyl acceptor, all radioactivity was in gramine. The NMT activity of leaf extracts was specific for gramine precursors; tryptamine was not methylated at all, and tyramine only slightly (Fig. 1) . Furthermore, extracts prepared from wheat seedlings, a species lacking gramine, did not methylate supplied AMI or MAMI. The pH profiles for Nmethylation of AMI and MAMI were similar between pH 7 and 10.5 (Fig. 2) . Maximal catalytic activity with both substrates occurred close to pH 9.0. Sodium carbonate/bicarbonate and Kphosphate were found to be inhibitory; activities towards AMI and MAMI were affected equally (not shown). NMT Effect of Growth Temperature on in Vitro NMT Activity. For the fifth leaf of Arimar and Proctor, NMT activity towards both AMI and MAMI increased as growth temperature was increased between 15°C/10°C and 35°C/30°C (Fig. 3) ; NMT activities at these extremes differed by a factor of about 8 for Arimar, about 20 for Proctor. In contrast, NMT activities in the second leaf remained low at all temperatures, consistent with the failure of the second leaf to accumulate alkaloids in comparable experiments (1 1). NMT activities in Figure 3 are expressed on a fresh weight basis, but results for leaf 5 expressed as specific activity are very similar because soluble protein levels were 20 to 22 mg/ g fresh weight at all growth temperatures. For both cultivars, growth was markedly poorer at the two higher temperature regimes.
The plants of Figure 3 had been grown in the various temperature regimes for at least 12 d. To determine whether shorter intervals of heat stress would elicit an increase in NMT activity, plants were grown at 15°C/10°C and exposed to heat stress for various times (Table II) . None of the shorter stress exposures elicited more than one-third of the NMT activity found after a 14-d exposure.
Purification and Characterization of NMT Protein. NMT protein was purified from dark-grown first leaves; Table III NMT activity eluted very close to the ovalbumin standard (mol wt 45,000). SDS-PAGE (Fig. 4) indicated a mol wt of -43,000. Purified NMT protein often, but not always, ran as a doublet on 13% gels.
Effect of Growth Temperature on NMT ProteinLevel. In an experiment similar to that of Figure 3 , fifth leaf extracts were assayed for NMT activity and analyzed by immunoblotting using antiserum directedagainst NMT protein. NMT activity levels were comparable to those shown in Figure 3 . Because data for Arimar and Proctor were similar, only data for Anmar are given.
Immunoblots of crude extracts of fifth leaves grown at 15°C/ 10°C showed no immunologically detectable bands (Fig. 5A) , or very weak ones (Fig.5B) . Extracts of fifth leaves grown at 21C/ 16°C, 30°C/25°C and 35C/30°C gave progressively stronger bands migrating to the same position as purified NMT protein (Fig. 5A ). This steady increase in cross-reacting material parallels the behavior of enzyme activity (Fig. 3) . Consistent with the lack of NMT induction and alkaloid synthesis in the second leaf, extracts of this leaf showed very weak immunologically detectable bands, whether the plants had been grown at 1 5C/10°C or 35°C/30°C (Fig. 5B) . Because the intermediates AMI and MAMI do not accumulate, the N-methylations of gramine synthesis can never berate limiting in the overall pathway (1 1, 22 ). These observations suggest that NMT activity is regulated coordinately with the activity of the rate-limiting step; nothing is known about this step save that it lies between tryptophan and AMI(1 1). It is interesting that the cultivar Proctor shows normal NMT induction even though it has an early lesion in the gramine pathway, and is alkaloid free. This establishes that the NMT induction mechanism is independent of the alkaloid products of the pathway.
Is There a Single NMT Enzyme? Although we cannot exclude the possiblity that there are two physically similar NMT enzymes specific for AMIorMAMIsubstrates 
